A technique is described that greatly increases the efficiency of recovering specific locus point mutations in zebrafish (Danio rerio). Founder individuals that were mosaic for point mutations were produced by mutagenizing postmeiotic gametes with the alkylating agent N-ethyl-Nnitrosourea. Under optimal conditions, each founder carried an average of 10 mutations affecting genes required for embryogenesis. Moreover, "2% of these founders transmitted new mutations at any prespecified pigmentation locus. Analyses of new pigmentation mutations confirmed that most were likely to be point mutations. Thus, mutagenesis of postmeiotic gametes with N-ethyl-N-nitrosourea yielded frequencies of point mutations at specific loci that were 10-to 15-fold higher than previously achieved in zebrafish. Our procedure should, therefore, greatly facilitate recovery of multiple mutant alleles at any locus of interest.
Studies of zebrafish development are progressing rapidly due, in part, to techniques for inducing and recovering mutations that disrupt functions of individual genes. Saturation mutagenesis screens of the zebrafish genome have identified a large fraction of the genes required for embryonic development (1, 2) . To fully investigate the functions of genes identified in such screens, we required more efficient techniques to recover a variety of mutant alleles of specific genes of interest. In a previous mutagenesis technique, y-rays were shown to induce specific locus mutations at high frequencies (3) , but this technique is thought to induce large deletions and chromosomal rearrangements and, therefore, may have limited applicability for analyzing functions of single genes. In contrast, the aforementioned saturation mutagenesis screens demonstrated that treating adult males with N-ethyl-N-nitrosourea (ENU) induced point mutations in prespermatogonial stem cells, but only 0.1-0.2% of mutation-bearing founders harbored a mutation at a prespecified locus (1, 2) . Because the latter technique required application of near-lethal levels of ENU, it seemed unlikely that significantly higher point mutation frequencies could be achieved by premeiotic mutagenesis with ENU.
An alternative ENU mutagenesis technique that has been less thoroughly investigated is induction of mutations during postmeiotic stages of spermatogenesis. Postmeiotic mutagenesis with ENU generates offspring that are genetically mosaic, not heterozygous, for newly induced mutations (1, 2, 4) . We reasoned that genetically mosaic offspring, which harbor both mutant and wild-type cells in all tissues, should be able to tolerate larger numbers of mutations than heterozygous carriers of new mutations. Here we report a technique for ENU mutagenesis of postmeiotic gametes that yields point mutations at frequencies that are 10-to 15-fold higher than those previously reported for zebrafish. Our technique permits rapid recovery of new mutations at prespecified loci and efficient recovery of mutations affecting embryogenesis in open-ended screens.
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MATERIALS AND METHODS

RESULTS
We hypothesized that a highly efficient method for inducing point mutations in zebrafish would be to mutagenize postmeiotic gametes with ENU. To accomplish this, we used the simple and reliable mutagenesis technique of incubating adult males in buffered aquarium water containing ENU (1, 2) . This technique induces mutations in both premeiotic stem cells and postmeiotic gametes. However, mutations in premeiotic stem cells are not transmitted by mature sperm until at least 3 weeks after treatment (1, 2) . Hence, we measured the effects of ENU mutagenesis within the first 2 weeks after treatment.
Induction of Somatic Mutations. We wished to establish optimal mutagenesis conditions that would give maximum yields of point mutations without inducing high levels of dominant lethality. In previous studies, dominant lethality was usually associated with overtly abnormal embryos (1, 2, 4) . Such lethality could result from induction of large deletions and chromosomal rearrangements. Therefore, F1 progeny produced by males that had been mutagenized under a variety of conditions were simultaneously subjected to two kinds of screens ( Fig. 1 ): One to measure the production of new pigmentation mutations carried by F1 soma and the other to measure the production of abnormally developing embryos (monsters).
To detect new recessive pigmentation mutations, mutagenized wild-type males were crossed to females carrying a Abbreviation: ENU, N-ethyl-N-nitrosourea. recessive viable mutation at the golden (gol) locus, and F1 progeny were screened at 48 h for pigmentless (golden) cells in the pigmented retina (Fig. 1A) . To obtain an initial doseresponse relationship, males were treated for 1 h with concentrations ranging from 0.4 mM to 4.0 mM ENU. The frequencies of gol mosaic embryos produced by mutagenized males increased with ENU concentrations up to 1.3 mM, at which dosage the frequency ofgol mosaic embryos approached 50%. Higher doses of ENU were excessively harsh: Exposure to 2 mM ENU for 1 h yielded embryos that were too aberrant to screen for golden retinal cells. Furthermore, males treated for 1 h with either 3 mM or 4 mM ENU usually died within several hours or minutes after treatment, respectively. To test a wider variety of moderate mutagenesis regimens, we reduced the duration of exposure to intermediate concentrations of ENU. As with the 1-h treatments described above, shorter treatments yielded frequencies of gol mosaic embryos in a dose-dependent manner (Fig. 1A) . For example, three regimens that delivered total ENU doses of 0.75-0.8 mM-h (1.5 mM ENU for 0.5 h, 1.0 mM ENU for 0.75 h, and 0.8 mM ENU for 1.0 h) resulted in similar frequencies of gol mosaic embryos. These data indicate that the frequency of inducing somatic mutations atgol is a sensitive function of ENU dosage.
A similar dose-response relationship was observed for the production of monsters (Fig. 1B) , which served as an indicator of nonpropagable damage caused by ENU. ENU doses of 0.6-0.8 mM-h caused only modest increases in the incidence of monsters over control levels. However, ENU doses exceeding 0.9 mM-h usually caused >50% of F1 embryos to develop as monsters. Hence, even though ENU doses of 0.9-1.3 mM-h gave the highest frequencies of gol mosaic embryos, the high incidence of monsters suggested that these regimens might be suboptimal for generating point mutations.
To identify the regimens likely to yield the highest frequencies of point mutations, frequencies of gol mosaic embryos were recalculated after excluding all abnormally developing embryos ( Fig. 1 C) . Overall frequencies of normal-appearing gol mosaic embryos were similar for regimens delivering ENU doses of 0.75-1.3 mM-h. However, mean frequencies of gol mosaic embryos peaked at 0.8 mM-h ENU and declined at either higher or lower doses of ENU. Thus, excluding monsters revealed a relatively narrow range of ENU doses that might efficiently induce new point mutations carried by the germ lines of F1 embryos.
Frequencies of both gol mosaic embryos and monsters produced by mutagenized males remained relatively constant for up to 2 weeks after mutagenesis but dropped sharply by 3 weeks (data not shown). These results presumably reflect spermatogonial turnover and the eventual replacement of heavily mutagenized sperm with sperm derived from less heavily mutagenized stem cells (1, 2) .
Induction of Pigmentation Mutations Carried by F1 Germ Lines. We tested four mutagenesis regimens that efficiently induced somatic mutations to establish whether specific locus mutations were transmitted by the germ lines of F1 offspring (Table 1) . Males mutagenized by these regimens were repeatedly crossed to wild-type females for up to 2 weeks after mutagenesis. Surviving F1 offspring were tested for germ-line transmission of new pigmentation mutations by crossing them to tester fish carrying recessive mutations at up to four pigmentation loci: albino, brass, golden, and sparse. The highest dose (1.3 mM for 1 h) was not effective because, on average, only 1% of F1 embryos survived to adulthood. The (1) in which >90% of the mutations were reported to be point mutations. To further analyze the pigmentation mutations from the current study, we attempted to propagate fish carrying these mutations to determine whether they were homozygous viable (consistent with their being point mutations) or lethal (likely to be large lesions that disrupted linked essential genes). Of the 6 pigmentation mutations from the regimen of 1 mM ENU for 1 h, 2 were dominant lethal mutations and 3 others were found to be homozygous viable. The sixth mutation was not analyzed due to death of the F1 carrier soon after its initial screening. Hence, 3 of 5 of the tested mutations behaved genetically as point mutations. The number of mutants analyzed is too small to determine whether induction of dominant lethal mutations will be a general feature of 1-mM h mutagenesis. Of the 6 pigmentation mutations from the regimen of 0.8 mM ENU for 1 h, 5 were homozygous viable and the sixth was not recovered. The latter, however, was a weak allele and, therefore, likely to be a point mutation. Thus, these results suggest that the regimen of 0.8 mM for 1 h gave the highest frequencies of point mutations ( (Fig. 1 C) . However, somatic mutation frequencies were consistently 4-to 10-fold higher than germ-line mutation frequencies, as reported (1, 2, 4) . One explanation for the relative paucity of germ-line mutations is that the zebrafish germ line may be derived from as few as 1 to 5 progenitor cells (5) . Thus, there is a substantial probability that cells carrying any given mutation will fail to colonize the germ line. In contrast, the pigmented retina is derived from 40 to 50 progenitor cells (6) their F1 parents were propagated by crossing F2 offspring to wild-type mates to generate F3 carriers. All mutant embryos depicted were generated by intercrossing F3 carriers except for the heterozygote shown in E, which was generated by crossing an F3 carrier to a wild-type mate. For embryos in B-E, anterior is to the left and dorsal is up. (A) Several 48-h embryos that are homozygous for a recessive lethal mutation causing dorsal curvature of the tail. Their shared abnormalities constitute a clearly defined syndrome. (B) A 30-h embryo that is homozygous for a recessive lethal mutation affecting brain patterning. The mutant displays a well-formed midbrainhindbrain border (mhb) and an abnormal structure (*) in the middle of the hindbrain. (C) Trunk region of a 48-h embryo that is homozygous for a recessive lethal mutation that perturbs neuraxial development. The mutant displays a relatively normal notochord (nc) and a slightly reduced spinal cord, but the floor plate (fp) of the spinal cord is not present. (D) Trunk region of a 48-h wild-type embryo showing the notochord (nc) and the floor plate (fp) of the spinal cord. (E) A 24-h wild-type embryo (lower embryo) and a mutant sibling (upper embryo) that is heterozygous for a recessive lethal mutation with a dominant defect in inner ear development. In the wild-type embryo, two otoliths (arrows) are clearly visible in the inner ear, one in the future utricle (anterior) and another in the future saccule (posterior). In contrast, the mutant embryo lacks the anterior otolith. Heterozygotes are rarely affected in both ears and usually grow to adulthood normally. Homozygotes usually show bilateral loss of utricular otoliths, display severe equilibrium deficits, and die by day 10 of larval development. Saccular otoliths are always present in both heterozygotes and homozygotes.
syndromes observed in our screen. The remainder, which we did not attempt to propagate, caused nonspecific necrosis or degeneration. A similar ratio of specific patterning mutations to nonspecific degeneration mutations was reported in a large saturation mutagenesis screen of the zebrafish genome (1) .
To determine the number of backcrosses required to uncover most F1 mutations, it was important to determine the range of transmission frequencies of F1 mutations. Fig. 3A shows the distribution of transmission frequencies of >100 F1 mutations. The mean frequency of transmission was 28%, in close agreement with the expected average of 25% (1, 2, 4 (Fig. 3A) .
From the frequency distribution of F1 mutations (Fig. 3A) , we calculated the proportion of mutations that could be recovered after a given number of backcrosses (Fig. 3B) . About 50% of all mutations harbored by F1 parents will be uncovered in only two backcrosses, and two-thirds of all mutations will be uncovered in four backcrosses. The efficiency of uncovering further mutations drops dramatically with subsequent backcrosses. For example, doubling the number of backcrosses from four to eight increases the yield of mutations by only 20% (from two of three to four of five of all mutations). Hence, an optimal screening strategy might be to conduct fewer backcrosses (e.g., four backcrosses) with a larger number of F1 parents.
Screening families derived from the two most efficient mutagenesis regimens (0.8 mM ENU for 1 h and 1.0 mM ENU for 1 h) revealed that each F1 parent harbored numerous embryonic lethal mutations. On average, nearly two syndromes were observed in each backcross (Table 2) , reflecting the average number of mutations carried by each F2 offspring.
By extrapolating from the recovery curve shown in Fig. 3B , we estimated that each F1 parent carried an average of 9 or 10 embryonic lethal mutations (Table 2 ). This is -10-fold higher than the frequencies of embryonic lethal mutations reported in previous screens (1, 2) , an increase that agrees closely with the 10-to 15-fold increase in the frequencies of pigmentation mutations (Table 1 ). In contrast, screening families derived from a suboptimal regimen (1.5 mM ENU for 0.5 h) revealed very few embryonic lethal mutations (Table 2) , which was consistent with the low incidence of pigmentation mutations obtained with that regimen (Table 1 (7, 8) . In addition, phenotypic analysis of different allele types often reveals diverse stage-specific and tissuespecific functions of individual genes (9) (10) (11) . Structural analysis of different alleles with discrete phenotypes can also identify functional domains of the gene product in question (12, 13) .
As a special case of obtaining multiple alleles, it should be possible to efficiently screen for point mutations that fail to complement -y-ray-induced deletions of previously cloned sequences. Deletions provide an important test of gene function by guaranteeing a null phenotype, but y-ray-induced deletions are usually so large (3) that it is difficult to correlate a mutant phenotype with loss of a single gene. Therefore, point mutations that fail to complement large deletions covering known sequences could provide a means to test functions of cloned genes.
The ability to induce point mutations with high efficiency should facilitate genetic screens to elucidate networks of interacting genes that control specific developmental pathways. For example, weak alleles that partially impair developmental pathways can be used to screen for second site mutations that either fully disrupt the pathway or that rescue the pathway (14) (15) (16) (17) (18) (19) (20) . Such screens can demonstrate interactions between mutant genes whose phenotypes by themselves would not immediately suggest participation in a common pathway.
Finally, our mutagenesis technique greatly reduces the space required to screen relatively large numbers of mutations. Thus, it will be feasible to conduct relatively large mutant screens in laboratories with limited space for fish tanks.
